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INTRODUCTION 

Shock is a leading cause of death among American soldiers wounded in battle.  
For injuries which are not immediately lethal, most deaths result from hemorrhagic shock 
or from its late sequelae, septic shock and multiple organ failure.  The critical time in 
shock appears to be the period during which the patient is being resuscitated.  
Resuscitation is associated with a massive activation of the inflammatory reaction, 
producing immunosuppression, and rendering the patient vulnerable to sepsis and its 
sequelae.  The goal of this research program is to develop new treatments for 
hemorrhagic shock which can be administered before or during initial resuscitation.  
These treatments are intended to be applied by front-line responders on the battlefield 
(and first responders in civilian life) as well as by fixed facilities, such as Forward 
Surgical Teams or Field Hospitals.   Such agents must be non-toxic and have a very 
broad therapeutic ratio, so that they can be given safely to injured soldiers, and must be 
easy to administer under combat conditions.  In previous work, the xanthine oxidase 
inhibitor allopurinol was found to improve cardiac output and survival in a shock model 
(1).  Also in earlier work, changes in cellular energy stores were defined. (2, 3, 4)  In 
current work, glutamine and alanine-glutamine dipeptide have shown to enhance ATP 
recovery and suppress cytokine responses.  (5, 6, 7) Studies continue on other agents, 
specifically as DHEA, crocetin, and insulin. (3, 4, 8, 9), omega-3 fatty acids, and 
arginine. 

BODY 

It should be noted that progress towards the four research objectives, while 
significant, has been slower than desired.  This is due to three factors.  First, the 
microarray studies in the animal models have been slowed by the relocation of the 
laboratory of the collaborating investigators to new quarters in a newly-built research 
building.  Second, authorization to proceed with human studies was not obtained until 
June, 2007.   Third, there have been personnel resignations, and one turnover is ongoing 
(Dr. R. Yang, a key individual).  On the other hand, the expenditures on the grant have 
been considerably behind projections.  For that reason, we intend to request a no-cost 
extension of the grant from May, 2008, to May, 2009, to enable us to complete this work.   

Research objective #1:  Establish and validate the micro-array studies, using the animal 
model.  Deliverable:  A panel of genes that are reproducibly altered in white blood cells 
and in liver and muscle by shock and resuscitation. 

1. To facilitate this work, further work was done to refine the parameters used in the
whole-animal model of hemorrhagic shock.  Preliminary studies relating to this
work have been completed and submitted for publication. These relate to the
animal model used, and to previously-employed agents.  (See list of publications,
below).

2. Collaboration was established with the laboratory of Dr. Peter Smith, Kansas
University Medical Center, Kansas City, Kansas.  This facility carries out micro-
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array analysis of both animal and human genomes.   A number of preliminary 
studies have established and validated the method of sample preparation for these 
studies.  

3. Microarray studies were carried out to define the group of between 15 and 30
signature genes significantly and reproducibly activated or suppressed in shock
and resuscitation.    Using a whole animal model of hemorrhagic shock, animals
were divided into four groups:  unshocked controls, shock without resuscitation,
shock with resuscitation, and shock with resuscitation and arginine.  The animals
were subjected to shock by withdrawing blood over 10 minutes, to 20-25 mm Hg,
and kept at that level for 30 minutes by periodic further withdrawal of blood.
Resuscitation was with 28 ml/kg Ringer’s lactate, given over 30 minutes, without
any return of shed blood.  Blood was drawn before shock, and at 1 hour and 4
hours following resuscitation. The microarray analysis was carried out in the
following manner.    White blood cells were isolated, RNA extracted, and the
samples prepared for microarray analysis in Dr. Smith’s laboratory.  The
microarray analysis has been completed, and data analysis is being currently
carried out.  Final results are not yet available.

4. Preliminary studies were done using the SuperArray technology, a more limited
but faster technique than full microarray analysis.  These studies were originally
focused on the effect of  crocetin on the transcription factor NF-κB, which
corresponds to decreased expression of the genes responsible for inflammation.
The SuperArray technology tested the expression of genes related to the NF-κB
signaling pathway. The arrays were in 96-well blocks with primers pre-coated on
the surface of the wells.  There were 84 genes plus five housekeeping genes and
two negative control genes. The same animal model was employed as described
above, except for the sampling times.  Blood samples were taken at baseline and
30 minutes after resuscitation.  White cells were isolated for RNA extraction.
Samples were processed using two-step real-time PCR technology, according to
the manufacturer’s recommendations (SuperArray Bioscience Corporation,
Frederick, MD). Samples were run in the same system (DNA engine Opticon 2
real-time PCR detection system, Bio-Rad Laboratories, Inc., Hercules, Calif), and
the cycles were determined at the same threshold number. The relative expression
was analyzed with ΔΔCt method, and further processed in an Excel-based data
analysis template. Sham (without shock) and shock (without resuscitation)
animals have few/little genes up-down-regulation compared to animals
resuscitated with LR after hemorrhagic shock. The genes up-and down-regulated
fold are shown graphically in Figure 1 (for reperfusion with LR), with genes up-
regulated more than 3-fold are listed in Table 1.

5. To validate the microarray analysis, PCR studies are being carried out for
individual cytokine genes, a technology which is well-established in our
laboratory. Other measures of cellular response and cellular damage are being
assessed, including in the animal model used, correlating these responses with the
response shown by the signature genes.  Analysis of IkB and nFkB using Western
blot is being carried out.  Finally, direct assay of cytokines is being done.

6. A new model has been developed to further assess the cellular response to
ischemia and re-oxygenation, a response which is at the heart of the response to
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hemorrhagic shock.  This model is based on exposing cultured macrophages to 
ischemia in a sealed chamber, and then re-exposing them to levels of oxygen 
found in room air (21%)  For these experiments, it has been determined that 
reducing the level of oxygen to 1.5% from the usual 21% produces a significant 
hypoxic insult, but without killing the cells..  This corresponds to a partial 
pressure of oxygen of 10 mm Hg.  Examination of this model is in the preliminary 
stages, but several significant observations have been made.   

a. First, cells exposed to this for 24 hours show less growth than control 
cells, and then recover and grow at a rate comparable with controls after 
being exposed to a normal oxygen level (21%, or about 140 mm Hg partial 
pressure).  

b. Second, measuring energy levels within the cells shows that ATP in the 
ischemic cells is depressed  at the end of the ischemic period.  After re-
oxygenation, the ischemic cells recover ATP, when compared with cells 
kept ischemic for the entire experiment.  Significantly, such cells show 
ATP levels which are still less than cells which were kept at 21% oxygen  
and not exposed to hypoxia.   There is a similar finding in whole animal 
shock, following which ATP recovery is slow and incomplete compared 
with un-shocked controls.  

c. Third, stimulating the cells (with lipo-polysaccharide) during the re-
oxygenation process produces elevated levels of caspase 3 and 7 compared 
with both normal oxygen controls and with hypoxic controls.  This is 
consistent with increased caspase activation and increased apoptosis seen 
in the whole animal shock model.  It suggests that it is re-oxygenation 
rather than ischemia which is the stimulus to apoptosis. 

d. Studies of cytokine response to LPS are ongoing, and will include TNF-
alpha and IL-2 beta.   

e. Further examination of this model is planned.  It will allow 
characterization of proposed therapeutic agents in terms of ATP recovery, 
caspase activation, and cytokine response.   It is expected that gene array 
analysis of this model will allow a much more precise characterization of 
the response of the macrophage genome, as opposed to the response which 
will be measured .   
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Figure 1.  Genes related to NF-κB, following shock and resuscitation, showing both up- 
and down- regulation as indicated by the direction of the bars.  Shock plus resuscitation 
with LR and arginine is compared with an u-nshocked control. 
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Table I.  Genes up- or down-regulated more than threefold, in the whole animal model of 
hemorrhagic shock in the rat, compared with un-shocked control. 

NF-κB Signaling Pathway RT² Profiler PCR Arrays 
Fold Up- or 

Down-
Regulation 

Description 
30min Post 

Resuscitation 
/Baseline 

BCL2-antagonist of cell death 3.26 
BCL2-associated X protein 5.20 
Breast cancer 1, early onset -6.30 
Cyclin-dependent kinase 2 -3.03 
Cyclin-dependent kinase 4 10.27 
E2F transcription factor 1 10.62 
Fibroblast growth factor receptor 2  3.39 
HIV-1 Tat interactive protein 2, 30kDa -6.51 
Interferon, alpha 1 -3.33 
Interferon, beta 1, fibroblast 3.78 
Interleukin 8 23.01 
Integrin, alpha 1 6.18 
Integrin, beta 3 (platelet glycoprotein IIIa, antigen CD61) 5.86 
Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1 
(p105) 3.71 
Serine (or cysteine) proteinase inhibitor, clade B (ovalbumin), member 5 4.58 
Telomerase reverse transcriptase -5.53 
Transforming growth factor, beta 1 (Camurati-Engelmann disease) -23.85 
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Research objective #2:  Define the effect on gene expression of the agents which will be 
used clinically, using the animal model.  Deliverable:  The effect of the agents upon the 
level of expression of the signature genes. 

1. The genetic studies on the agents to be used clinically are in progress.  Once the
results from the shock experiments are identified, then all four agents will be used
in the animal model, to determine their effects on the genome.

2. The choice of the agents has been refined.  Crocetin is still in early Phase I
studies, and will be unavailable for human studies within the timeline of this
study.  Alanine-glutamine and glutamine have been investigated in the whole
animal model of shock.  While both have produced better short-term survival than
controls in the whole-animal model of shock, glutamine has been shown to be
more effective.  Arginine has been investigated, and also produces enhanced
short-term survival compared with controls in the whole-animal model of shock.
Three other agents have been considered.  Allopurinol was shown to provide
survival benefit in the canine shock model  20 years ago. (1)  This agent has been
used to ameliorate the harmful effects of hypoxia in harvested organs to be
transplanted (as in the standard UW Solution) and in cold cardioplegia during
aortic valve surgery.  It appears to act by inhibiting xanthine oxidase, and hence
lowering the production of free radicals during reperfusion.  It is now available in
an intravenous form approved for human use, a form which is very similar to that
used in the earlier studies.  It will be used in the whole animal model, and will
probably be recommended for human studies.  Mevinolin (Lovastatin), which has
been used in experimental septic shock by Dr. Qureshi, is a strong candidate for
this study, as it appears to moderate the cytokine response to lipo-polysaccharide
in the mouse model, probably through a proteasomal mechanism (12).  However,
its effect on the whole-animal model of shock has not been detemined.  Its use in
this model or in patients is questionable, since it is not available in an intravenous
preparation.  Dihydro-epi-andosterone (DHEA) was used in a whole-animal
porcine model, but its use was disappointing, and its further use in patients, was
not recommended on the basis of this work. (9)

3. Studies of omega-3 fatty acids were begun as part of a different project, but were
analyzed and are briefly presented here.  Briefly, rats were fed for four weeks
with a rat chow diet high in omega-3 fatty acids, then subjected to a whole animal
model of hemorrhagic shock as described above.  Controls were fed usual rat
chow.  Sham controls were also studied.   There was no survival advantage in the
omega-3 fed animals.  However, differences were seen in the amount of lung
edema, and in gene expression for interleukin 1-beta and heat shock protein-25,
both measured by mRNA levels using real time polymerase chain reaction.
(Figures 2, 3, 4)  No differences were seen in tumor necrosis factor alpha, or in
inducible nitric oxide synthase.    The results were consistent with the hypothesis
that feeding with omega-3 fatty acids minimizes the inflammatory response to
hemorrhagic shock and resuscitation.    However, because there was no survival
advantage even with prolonged pre-shock feeding, it was felt that further studies
directed towards to use of omega-3 fatty acids during resuscitation would not be
productive.   The agent remains of significant interest, but not in this context.
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4. Survival studies with glutamine, arginine-glutamine dipeptide, and arginine has
been carried out over the past year.  The primary limitation of survival studies in
the rat model is that the primary endpoint is short term survival, at 2 and 24 hours.
The rat does not exhibit late post-resuscitation organ failure as may be seen in
patients.  Having said this, these studies are nonetheless important because they
provide a basis for the human therapeutic use of these agents.

5. Glutamine studies are presented in this table. (See also Figure 2)

Survival with or without Glutamine in Resuscitation  
LR Glutamine

Rat weight (gram) 295.83±3.03 293.00±3.84 
Cannulating Time 
(minutes) 

6.50±0.29 6.50±0.23

Bleeding (ml) 9.22±0.41 9.05±0.58
*Survival > 24 hours 4/12 11/12
Shock at MAP = 22±4 mmHg, 90 minutes. Resuscitated with Ringer’s Lactate 
(LR, 21ml/kg) with/without glutamine (630mg/kg) over 30 minutes. Data 
expressed as mean ± SEM. *P< 0.05 (LR vs Glutamine). 

6. Alanine-glutamine dipeptide (AGD) studies are presented here. (See also Figure
3) It should be noted that AGD is used widely in the clinical situation (in Europe,
not in the US), and that it appears to be cleaved to alanine and glutamine once it 
enters the circulation.  It is thus considered to be therapeutically equivalent to 
glutamine.  However, the present studies show that, while AGD is definitely of 
benefit, it does not have as pronounced an effect on survival as glutamine.   

Survival with or withou  AGD in Resuscitation t 
LR AGD

Rat weight (gram) 294.61±2.47 297.58±3.48 
Cannulating Time 
(minutes) 

6.78±0.27 6.58±0.29

Bleeding (ml) 10.14±0.29 10.93±0.43 
*Survival <24 hours 10/18 4/18

6/18 9/18Survival > 24 hours 
Shock at MAP = 25±4 mmHg, 90 minutes. Resuscitated with Ringer’s Lactate 
(LR, 2ml) with/without Alanine-glutamine dipeptide (AGD 936mg/kg, equivalent 
with glutamine 630mg/kg) over 10 minutes. Data expressed as mean ± SEM. 
*P< 0.05 (LR vs AGD).
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7. Arginine studies are presented here. (See also Figure 4) In this model, arginine
was nearly as effective as glutamine.

Survival with or without Arginine in Resuscitation  
LR Arginine

286.70±4.03 294.40±4.81 Rat weight (gram) 
6.35±0.13 6.80±0.17Cannulating Time 

(minutes) 
9.32±0.31 10.06±0.35 Bleeding (ml) 

11/20 4/20*Survival < 24 hours
6/20 12/20Survival > 72 hours 

Shock at MAP = 20±4 mmHg, 90 minutes. Resuscitated with Ringer’s Lactate 
(LR, 21ml/kg) with/without arginine (300mg/kg) over 30 minutes. Data 
expressed as mean ± SEM. *P< 0.05 (LR vs Arginine). 

8. Figures 2, 3, and 4 show graphically the summary of the series of experiments.  In
these experiments, animals were bled to a pressure of 23 mm Hg over 10 minutes,
then kept hypotensive by periodic withdrawal or reinfusion of blood for 90
minutes.  They were then resuscitated with a small amount of Ringer’s lactate (6
ml/kg) with or without the therapeutic agent, over a period of 15 minutes.    The
animals were awakened, and kept in cages with supplemental heating and
adequate water.  If they were able, they were fed the next morning.  Figure 2
shows that survival at 24 hours was significantly better in the glutamine group  As
can be seen, the pressures diverged significantly during the resuscitation phase.
Data for the AGD and arginine studies are graphically shown in Figures 3 and 4.
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Figure 2:  Shock Survival Study, with Glutamine. 
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Figure 3:  Shock survival study with alanine-glutamine dipeptide (AGD) 
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Figure 4:  Shock survival study with arginine. 
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Research objective #3:  Assess gene expression in patients treated with current initial 
resuscitation protocols.  Deliverable:  Coordinated with objective #1, A panel of genes 
that are reproducibly altered in white blood cells and in liver and muscle by shock and 
resuscitation.   

1. The experimental protocol was approved by the Institutional Review Board of the 
University of Missouri – Kansas City.  It is has taken a considerable amount of 
time for the pre-approval review by the Human Research Protection Office 
(HRPO), Office of Research Protections (ORP), U.S. Army Medical Research and 
Materiel Command (USAMRMC).   However, approval has just been obtained, as 
of June 7, 2007.  Research on this will proceed. 

2. Under this protocol, blood samples will be taken from patients arriving in the 
trauma center who exhibit blood loss or signs of hypovolemia.  Blood samples 
will be collected one and four hours after resuscitation.  Tissue samples (liver and 
muscle) will be taken if the patient is brought to the operating room for immediate 
operative therapy.  These samples will then be processed and submitted for 
microarray analysis. 

 
Research objective #4:  Assess the response of patients to administration of modified 
resuscitation procedures.  Deliverable:  The effect of the experimental agents upon 
signature genes, cellular response, and cellular damage in patients.   
 This objective has not been started, as its initiation has to follow completion 
earlier objectives.  It is proposed to begin the approval process, however, since it is 
anticipated that approval of this phase will consume approximately a year.  It appears, on 
the basis of work carried out so far, that glutamine, arginine, and allopurinol will be the 
agents selected for human use.  All three have shown improvement in survival in whole-
animal models of shock, all can be given intravenously, and all are safe when given to 
humans.    
 
 
 
KEY RESEARCH ACCOMPLISHMENTS 
 
• Further refinement of whole-animal model of hemorrhagic shock 

• Initial development of ischemic cell-cultured macrophage model of hemorrhagic 
shock 

• Survival studies using glutamine in the whole-animal model of hemorrhagic shock 

• Survival studies using alanine-glutamine dipeptide in the whole-animal model of 
hemorrhagic shock 

• Survival studies using arginine in the whole-animal model of hemorrhagic shock 

• Gene micro-array studies of white blood cells in the whole-animal model of 
hemorrhagic shock 

• Gene micro-array studies of the response to arginine in the whole-animal model of 
hemorrhagic shock 
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REPORTABLE OUTCOMES 

PUBLICATIONS AND PRESENTATIONS 

Yang R, Tan X, Thomas AM, Shen J, Qureshi N, Morrison DC, Van Way CW 3rd. 
Crocetin inhibits mRNA expression for tumor necrosis factor-alpha, interleukin-1beta, 
and inducible nitric oxide synthase in hemorrhagic shock. JPEN J Parenter Enteral Nutr. 
2006 Jul-Aug;30(4):297-301.  (Attached) 

Yang R, Martin L, Woodall C, Thomas AM, Qureshi N, Morrison DC, Van Way CW III.  
Administration of glutamine following hemorrhagic shock restores cellular energy, 
reduces cell apoptosis and damage, and increases survival. JPEN J Parenter Enteral Nutr. 
31:94-100,2007. (Attached) 

Yang R, Tan X, Thomas AM, Qureshi N, Morrison DC, Van Way CW III.:  Alanine-
Glutamine Dipeptide (AGD) Inhibits Expression of Inflammation-Related Genes in 
Hemorrhagic Shock.  JPEN Jour Parent Ent Nutr 31:32-36, 2007.  (Attached) 

Yang R, Tibbs BM, Chang B, Nguyen C, Woodall C, Steppacher R, Helling T, Van Way 
CW 3rd. Effect of DHEA on the hemodynamic response to resuscitation in a porcine 
model of hemorrhagic shock. J Trauma. 2006 Dec;61(6):1343-9.  (Attached) 

Yang R, Van Way CW III, Tan X, Thomas A, Shen J, Steppacher R, Qureshi N, 
Morrison DC. Alanine-glutamine dipeptide inhibits expression of inflammation-related 
genes in hemorrhagic shock. Clinical Nutrition Week, Dallas. February 12-15, 2006. 
(Oral presentation). Clinical Nutrition week. 2006, p145. (Abstract of Distinction)  

Thomas A, Yang R, Van Way CW III, Quresh N. A Preliminary micro-array study of the 
response to hemorrhagic shock and to therapy with crocetin and alanine-glutamine 
dipeptide. Kansas City Area Life Sciences. March 30, 2006. Kansas City Life Sciences. 
2006, p163. (Poster and Abstract) 

Yang R, Van Way CW III, Tan X, Thomas AM, Shen J, Steppacher R, Qureshi N, 
Morrison DC. Alanine-glutamine dipeptide inhibits inflammatory mediator genes in 
hemorrhagic shock. Kansas City Area Life Sciences. March 30, 2006. Kansas City Life 
Sciences. 2006, p153. (Poster and Abstract) 

Yang R, Thomas A, Tan X, Landis M, Qureshi N, Morrison D, Van Way CW III. 
Hemorrhagic shock in the rat: comparison of femoral and carotid techniques. Twenty-
ninth Annual Conference on shock. Broomfield, Colorado. June3-6, 2006. Shock. 
25:S97,2006. (Poster and Abstract)  Journal of Surgical Research, 2007, in press. 
(manuscript attached) 

Yang R, Thomas A, Tan X, Qureshi N, Morrison D, Van Way CW III. Cecal Artery 
Status and Contents of the Cecum Affect Survival in Cecal Ligation and Puncture.. 
Thirtieth Annual Conference on shock. Baltimore, Maryland.  June 9-12, 2007. Shock. 
26:S,2007. (Abstract only; manuscript in preparation) 
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CONCLUSIONS 

To the present time, this project has resulted in the identification of three agents 
which will be suitable for administration to the injured patient during the initial 
resuscitation phase:  glutamine, arginine, and allopurinol.  Practical considerations appear 
to eliminate crocetin (unapproved drug), mevinolin (no intravenous form), DHEA (poor 
effect, toxic), and alanine-glutamine dipeptide (effective, but less so than glutamine).  
Further studies in the whole-animal model continue.   A non-animal cell culture model 
has been developed, and will be further characterized.  It appears to have great potential 
for screening possible agents to be given during resuscitation.   

Studies of gene microarray analysis in the whole animal model have proceeded 
more slowly than expected, but the first set of experiments have been carried out, and the 
data is presently being analyzed to identify the subset of genes upon which further studies 
will focus.  Gene studies in the human patient have been delayed by the requirements of 
the approval process, but this has recently been obtained (June 7, 2007), and these stuies 
will proceed.   
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Original Communications

Crocetin Inhibits mRNA Expression for Tumor Necrosis Factor-�,
Interleukin-1�, and Inducible Nitric Oxide Synthase in

Hemorrhagic Shock

Rongjie Yang, MD; Xiaoyu Tan, MD; Ann M. Thomas, BS; Jing Shen, MD; Nilofer Qureshi, PhD;
David C. Morrison, PhD; and Charles W. Van Way III, MD

From the Department of Surgery, Shock/Trauma Research Center, University of Missouri–Kansas City, Kansas City, Missouri

ABSTRACT. Background: Inflammatory factors play an
important role in cellular damage after shock and resuscita-
tion. Crocetin, a saffron-derived carotenoid, has been shown
to improve postshock recovery of cellular adenosine triphos-
phate (ATP) and to increase overall survival in an experi-
mental model of hemorrhagic shock. The hypothesis of the
present study is that treatment with crocetin at the begin-
ning of resuscitation suppresses subsequent expression of
messenger ribonucleic acid (mRNA) for tumor necrosis factor
(TNF-�), interleukin-1 (IL-1�) and inducible nitric oxide syn-
thase (iNOS). Methods: Male Sprague-Dawley rats (n � 45,
350 � 30 g) were randomly assigned to 5 groups of 9 animals
each. After anesthesia with isoflurane, the femoral artery
and vein were surgically cannulated. Hemorrhagic shock was
induced by withdrawing blood through the arterial cannula
until the mean arterial pressure (MAP) was 25–30 mm Hg
and maintained at the level for 30 minutes with further
withdrawals. Resuscitation was carried out by giving 21

mL/kg Ringer’s lactate (LR) and returning the shed blood,
with or without the initial administration of crocetin (2
mg/kg). Controls were normal (anesthesia only), sham (sur-
gical preparation), and shock (preparation and shock). Rats
were killed 30 minutes after completion of resuscitation.
Liver samples were collected for reverse transcription-poly-
merase chain reaction (RT-PCR) analysis of mRNA (TNF-�,
IL-1�, iNOS, and �-actin). Results: Liver mRNA expression for
TNF-�, IL-1�, and iNOS was found in more animals in the
shock and shock-plus-resuscitation groups than in the sham
control group. The group resuscitated from shock with croce-
tin had mRNA expression for TNF-�, IL-1�, and iNOS in
fewer animals than either of the other shock groups and was
no different from the sham control group. Conclusions: Croce-
tin modified the hepatic mRNA expression of cytokines and
iNOS in a shock model. This agent continues to show promise
as a potential treatment for hemorrhagic shock. ( Journal of
Parenteral and Enteral Nutrition 30:297–301, 2006)

Advances in shock therapy have made it possible to
resuscitate all but the most severely injured patients
with blood, blood components, and intravenous (IV)
fluids. However, the sequelae of shock and resuscita-
tion include widespread tissue and organ injury, which
can lead to multiple-organ failure and death. The cur-
rent focus of resuscitative efforts is on restoration of
blood volume and control of hemorrhage, not on pre-
vention of subsequent injury.

Inflammatory factors play an important role in the
response to reperfusion and are instrumental in the
induction of organ failure after shock. Uncontrolled
systemic activation of the inflammatory response may
lead to cellular damage and organ dysfunction. Studies
have shown that hemorrhagic shock and resuscitation
are associated with the activation of several proinflam-
matory genes in the liver and the development of hep-
atocellular injury.1 In addition, hepatic inducible nitric
oxide synthase (iNOS) expression is an early molecular

response to hemorrhagic shock in experimental ani-
mals and in injured patients.2

Crocetin, a constituent of saffron, has long been used
in traditional Chinese medicine as a treatment for
many diseases. It is a 16-carbon chain with 8 double
bonds and 4 attached methyl groups and a carboxylic
acid (�COOH) group at each end of the molecule (Fig-
ure 1). The molecular weight is 328. It was reported by
Gainer and coworkers3 to increase oxygen diffusion
and to improve tissue oxygenation postresuscitation.4

It has recently been shown by us that crocetin
improves the recovery of cellular ATP and improves
survival in the rat model of hemorrhagic shock.5,6

Received for publication December 9, 2005.
Accepted for publication March 8, 2006.
Correspondence: Charles W. Van Way III, MD, Department of Sur-
gery, Shock/Trauma Research Center, UMKC, 2301 Holmes Street,
Kansas City, Missouri. Electronic mail may be sent to charles.
vanway@tmcmed.org.

FIGURE 1. Structure diagram of the crocetin molecule. Reprinted
from Tarantilis PA, Morjani H, Polissiou M, Manfait M. Inhibition of
growth and induction of differentiation of promyelocytic leukemia
(HL-60) by carotenoids from C. Sativus L. Anticancer Res. 1994;14:
1913–1918, with permission from the International Institute of Anti-
cancer Research (IIAR).
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To better understand how crocetin affects the
response to hemorrhagic shock, we have investigated
the effect of crocetin on the inflammatory response in a
sublethal hemorrhagic shock model. The present study
has measured mRNA expression in the liver for tumor
necrosis factor (TNF-�), interleukin-1 (IL-1�), and
iNOS. The hypothesis of this study was that crocetin
suppresses postshock expression of mRNA for TNF-�,
IL-1�, and iNOS.

MATERIALS AND METHODS

Rats’ Hemorrhagic Shock Model

Sprague-Dawley male rats (n � 45, 350 � 30 g) were
randomly assigned to 5 groups, each group containing
9 animals. Controls were normal controls (anesthe-
tized with isoflurane 1% for 115 minutes), sham con-
trols (surgical preparation, no shock), and shock con-
trols (preparation and shock, no resuscitation). The
experimental groups were Ringer’s lactate (LR) group
(without crocetin) and crocetin group (with crocetin)
during resuscitation.

All rats were anesthetized with isoflurane (Baxter
Healthcare Corporation, Deerfield, IL) using an anes-
thesia vaporizer (SurgiVet, Inc. Waukesha, WI) with
100% oxygen. Animals were inducted with 3% isoflu-
rane in an anesthesia chamber and then positioned
supine on the table with a nose mask for maintenance
of anesthesia. Isoflurane was adjusted from 3% to 1%
during the surgical procedure, and then maintained at
1% until the conclusion of the experiment.

Rats were covered with a surgery drape. The tem-
perature under the drape was controlled by a lamp
over the table, maintaining it approximately at 28°C
during shock and 36°C during resuscitation. This was
intended to simulate ambient temperatures during
shock and active rewarming during resuscitation.

Vascular access was obtained through a left groin
incision. Dissection was carried down to the femoral
artery and vein, and both were cannulated using PE50
polyethylene tubing (Becton Dickinson and Company,
Franklin Lakes, NJ). The arterial cannula was filled
with normal saline containing 100 units of heparin per
mL and connected to a solid-state pressure transducer.
A digital blood pressure analyzer (Micro-Med, Louis-
ville, KY) was used to monitor pressure continuously.
All animals were anticoagulated with heparin (300
U/kg) through the femoral vein cannula after the pro-
cedure was completed. At the conclusion of the surgical
procedure, the animals were monitored for 5 minutes
before shock was initiated.

Hemorrhagic shock was produced by withdrawing
blood through the left femoral arterial cannula quickly
at first, then more slowly over a 5-minute period, until
the mean blood pressure (MAP) stabilized at 25–30
mm Hg. The blood pressure was maintained at that
level, with further withdrawals of blood as required for
another 30 minutes.

At the start of resuscitation, in the crocetin group,
crocetin (ICN Biomedicals Inc, Aurora, OH), dissolved
in normal saline (0.2%), was given as a bolus of 2 mg/kg
(1 mL/kg). In all animals, resuscitation was carried out
by giving LR, 21 mL/kg, followed by return of the shed

blood to the animal. Resuscitation fluid and blood were
given over a total of 30 minutes.

Monitoring was continued for 30 minutes after com-
pletion of resuscitation. At that point, a midline lapa-
rotomy incision was made, and liver biopsies were
taken. Samples were frozen in liquid nitrogen immedi-
ately and then stored in �80°C refrigerator for further
studies. After that, animals were killed by exsangui-
nation. Figure 2 shows the hemorrhagic shock proce-
dure.

Institutional Approval

All animal care and experimental procedures were
carried out under the protocols of the Animal Care and
Use Facility of the University of Missouri–Kansas
City, which are in accordance with the guidelines of the
American Association for the Accreditation of Labora-
tory Animal Care. The experimental protocols under
which this work was carried out were approved by the
Institutional Animal Care and Use Committee of the
University of Missouri–Kansas City.

Reverse Transcription–Polymerase Chain Reaction
(RT-PCR)

Total ribonucleic acid (RNA) was extracted from
liver samples using the RNeasy Mini Kit (Qiagen Com-
panies, Valencia, CA). The concentration of the RNA
was calculated from absorbance at 260 and 280 nm
using a spectrophotometer (Beckman, Fullerton, CA).
RNA sample concentrations were adjusted to 0.5 �g/�L
for reverse transcription-polymerase chain reaction
(RT-PCR; TNF-�, IL-1�, iNOS, and �-actin).

RT-PCR was done with the OneStep RT-PCR Kit
(Qiagen Companies). The following components were
added to the reaction vials: 5 �l 5 � Qiagen OneStep
RT-PCR Buffer; 1 �l dNTP Mix (containing 10 mmol/L
of each dNTP); 1 �l Qiagen OneStep RT-PCR Enzyme
Mix; 1 �M primer (forward and reverse); 1 �g template
RNA. The total volume made up to 25 �l with RNase-
free water.

Thermal cycler conditions were as follows: (1)
reverse transcription: 50°C, 32 minutes; (2) initial PCR
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FIGURE 2. Time cost of mean arterial pressure (MAP) during shock
and resuscitation. Sham control group remained at baseline; shock
control, Ringer’s lactate (LR), and crocetin groups’ MAP fell to 25–30
mm Hg for 30 minutes. LR and crocetin groups recovered to baseline
during resuscitation.
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activation step: 95°C, 15 minutes; (3) denaturation:
94°C, 45 seconds; (4) annealing: 62°C, 45 seconds; (5)
extension: 72°C, 1 minute; (6) number of cycles: TNF-�
was 30 cycles, iNOS was 28 cycles, IL-1� and �-actin
were 24 cycles; (7) final extension: 72°C, 10 minutes.

The product of RT-PCR (5 �l) plus loaded buffer (1
�l) was loaded in a 2% agarose gel and separated by
electrophoresis at 87 V for 45 minutes. The gel was
stained in 0.5 �g/mL ethidium bromide for 30 minutes
and then placed under an ultraviolet source to be pho-
tographed (Polaroid, Waltham, MA). The molecular
sequence and expected size (in base pairs) of RT-PCR
products for the various primers are shown in Table I.

The results were expressed as the number of animals
in each group that were positive for TNF-�, IL-1�, and
iNOS mRNA. The complementary deoxyribonucleic
acid (cDNA) electrophoretic bands of all samples were
compared with the known positive controls at each
locus, recording each sample as being either positive or
negative at that locus.

Statistical Analysis

A 2-way analysis of variance was used to analyze all
of the data. The significance level was set at 0.05. Data
were further analyzed with Fisher’s exact test (http://
www.matforsk.no/ola/fisher.htm) and Kruskal-Wallis
multiple-comparison z-value test with NCSS software
(NCSS, Kaysville, UT).

RESULTS

A total of 45 rats were used in this study. There were
no deaths during the experiments. Figure 2 shows that
MAP in the sham group did not change during the
experiment. MAP in the shock group, LR group, and
crocetin group fell to the same level during shock.
Shock controls recovered somewhat after shock but
continued to show statistically lower MAP than the
others until the end of the experiment. The MAP in

both LR and crocetin groups recovered to baseline
within 10 minutes of beginning fluid resuscitation and
exceeded baseline values during resuscitation. After
resuscitation, the MAP decreased gradually to a little
lower than baseline, but the difference was not statis-
tically significant.

Table II shows rats’ weight, surgery time, and blood
removal during the experiment. There were no differ-
ences among groups for weight, surgery time, and
blood withdrawal.

Figure 3 shows mRNA expression for a representa-
tive animal in each group. A strong �-actin band indi-
cated that adequate RNA was obtained from all sam-
ples.

Figure 4 shows the number of animals showing
mRNA expression. Normal control rats were not posi-
tive for TNF-� and IL-1� mRNA. Only 2–3 of the sham
control were positive for TNF-�, IL-1�, or iNOS mRNA.
In the LR group, and in the shock controls, most ani-
mals showed expression of mRNA for TNF-�, IL-1�,
and iNOS. Only 3 rats in the crocetin-resuscitated
group were positive for TNF-�, IL-1�, and iNOS, and
the crocetin group was not significantly different from
the sham control group. The crocetin group was posi-
tive for IL-1� and iNOS in significantly fewer animals
than the LR group (p � .05).

DISCUSSION

Our results suggested that hemorrhagic shock and
resuscitation with LR are associated with appearance
of hepatic mRNA for TNF-�, IL-1�, and iNOS. Croce-
tin-resuscitated animals showed an mRNA response

FIGURE 3. TNF-�, IL-1�, iNOS, and �-actin mRNA expression. Taken
from a representative rat in different experimental groups.

TABLE I
Oligonucleotide primers for RT-PCR

Protein Direction Primer sequence Size (bp)

TNF-� Forward 5	-AAGTTCCCAAATGGCCTCCCTCTCATC-3	 300
Reverse 5	-GGAGGTTGACTTTCTCCTGGTATGAGA-3	

IL-1� Forward 5	-AGGCTTCCTTGTGCAAGTGT-3	 230
Reverse 5	-TGAGTG ACACTGCCTTCCTG-3	

iNOS Forward 5	-TCGAGCCCTGGAAGACCCACATCTG-3	 250
Reverse 5	-GTTGTTCCTCTTCCAAGGTGTTTG CCTTAT-3	

�-Actin Forward 5	-CAGTCCGCCTAGAAGCATTT-3	 153
Reverse 5	-GATCATTGCTCCTCCT GAGC-3	

bp, base pairs; IL-1�, interluekin-1; iNOS, inducible nitric oxide synthase; RT-PCR, reverse transcription-polymerase chain reaction; TNF-�,
tumor necrosis factor.

TABLE II
Rats’ weight, surgery time and blood withdrawing

Sham Shock LR Crocetin

Weight (g) 364 � 5.6 358 � 7.0 377 � 15 356 � 7.1
Surgery time (min) 8.0 � 0.2 7.2 � 0.5 7.1 � 0.4 7.3 � 0.4
Blood withdrawing

(mL)
10.0 � 0.7 11.0 � 0.6 10.0 � 0.5
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no different from sham controls. The results indicate
that proinflammatory gene activation occurs in the
liver quite early after shock and resuscitation. The
experimental hypothesis, that crocetin would suppress
proinflammatory gene activation, is supported by the
results of the experiments.

Inflammatory cytokines have been implicated in tis-
sue damage and mortality in hemorrhagic shock.7,8

Resuscitation from hemorrhagic shock triggers an
inflammatory response characterized by up-regulation
of cytokine expression.9 TNF-� and IL-1� have been
reported to be derived predominantly from activated
macrophages and act via specific cell-membrane-bound
receptors.10,11 In a review, Angele and Faist12 indi-
cated that increased plasma levels of proinflammatory
cytokines occur after trauma and hemorrhage, and
these cytokine can act to depress macrophage function.
In vivo administration of TNF-� and IL-1� induces a
shocklike syndrome similar to that observed after
severe blood loss and sepsis. It has been suggested that
these cytokines may play a role in initiating the cas-
cade of events leading to the development of multiple
organ dysfunction after severe hemorrhagic shock.12

Although not a cytokine, iNOS is significantly up-
regulated after hemorrhagic shock and resuscitation.
It is thought to be one of the major contributors to
hepatic injury caused by severe hemorrhagic shock.2,13

The mechanism of up-regulation is unclear, but it may
be initiated by hypoxia or by cytokines. Our results
confirm that iNOS is up-regulated after shock and
resuscitation.14 Several studies have suggested that
excessive NO production contributes to the organ injury
associated with hemorrhagic shock and resuscita-
tion.14–18 Induction of iNOS contributes to the initiation
of a complex inflammatory response, including activation
of signaling proteins and cytokine expression, ultimately
leading to morphologic and functional injury.

Resuscitation with crocetin reduced liver TNF-�
mRNA expression and inhibited IL-1� and iNOS
mRNA expression significantly compared with resus-
citation with LR alone (Figure 4). These results con-
firm our hypothesis that crocetin suppresses postshock
overexpression of mRNA for TNF-�, IL-1�, and iNOS.
Apparently, crocetin modified the expression of genes
controlling cytokine and iNOS in the liver.

Our previous experiments have shown that crocetin
increased the survival of rats subjected to lethal hem-

orrhagic shock. Crocetin also accelerates the return of
cellular energy stores to normal after hemorrhagic
shock and produces a marked diminution in the extent
of apoptosis postshock. The mechanism of action prob-
ably involves prevention of mitochondrial damage.5,6

Crocetin is thought to increase oxygen transport in the
plasma and may enhance oxygen supply at the cellular
level.3,4 Other investigators have found that crocetin
has anti-inflammatory activity, is an antioxidant,19–22

and protects against hepatotoxic agents.21,23

CONCLUSION

This agent continues to have potential for treatment
of hemorrhagic shock. The development of new phar-
macologic strategies to minimize late tissue and organ
damage will greatly improve the clinical treatment of
hemorrhagic shock. Subsequent investigations will
determine the mechanisms and whether action is pri-
mary or secondary to increased oxygen transport.
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Administration of Glutamine After Hemorrhagic Shock Restores
Cellular Energy, Reduces Cell Apoptosis and Damage, and

Increases Survival
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Nilofer Qureshi, PhD†; David Morrison, PhD† and Charles Van Way III, MD*

From the Departments of *Surgery and †Basic Medical Sciences, School of Medicine, UMKC, Kansas City, Missouri

ABSTRACT. Background: Hemorrhagic shock causes a rapid
depletion of adenosine triphosphate (ATP) and an increase of
the terminal metabolite xanthine. Free radicals generated
from xanthine oxidase play a major role in cell injury. Pro-
grammed cell death, apoptosis, is a major pathway causing
reperfusion injury. During apoptosis, cytosolic cytochrome-c
is released from damaged mitochondria, and it further ini-
tiates activation of apoptosis as evidenced by the appearance
of caspase-3. The bcl-2 protein serves as an antiapoptosis
found on the mitochondrial membrane. Glutamine has been
known as a conditionally essential nutrient and seems to
have beneficial effects in critically ill patients. The hypothe-
sis of the present study is that glutamine administered dur-
ing resuscitation following hemorrhagic shock would restore
the depletion of hepatic ATP, reduce cellular apoptosis, and
increase survival. Methods: Male Sprague-Dawley rats were
randomly assigned to 3 groups for resuscitation after the

same pattern of hemorrhagic shock: Ringer’s lactate (LR 21
ml/kg); Alanine-glycine (LR with alanine 0.15 gm/kg and
glycine 0.18 gm/kg); and glutamine (LR with glutamine 0.3
gm/kg). Hepatic ATP and xanthine was measured at differ-
ent time periods. Hepatic apoptosis was measured and the
levels of cytosolic cytochrome-c, caspase-3 and bcl-2 were
analyzed. Another group of rats were used for survival study.
Results: Glutamine administered during resuscitation follow-
ing hemorrhagic shock partially restored the depletion of
hepatic ATP, reduced cellular apoptosis, and increased sur-
vival. Conclusions: Glutamine administration during resusci-
tation significantly protected the liver from tissue damage
caused by hemorrhagic shock. Glutamine supplementation
may offer opportunities for therapeutic intervention during
and after shock. ( Journal of Parenteral and Enteral Nutrition
31:94–100, 2007)

Hemorrhagic shock has a profound effect on cellular
energy stores. Previous studies have shown that there
is a severe decrease in cellular adenosine triphosphate
(ATP) levels after hemorrhagic shock.1–4 In particular,
decreased hepatic ATP levels after hemorrhage have
been correlated with intracellular edema and mito-
chondrial damage, which lead to cell injury and cell
death.5–8

Glutamine is a precursor of ATP. Although it can be
synthesized in the body, it is depleted in stress and is
thus considered to be a conditionally essential nutri-
ent. The present study was undertaken to determine if
provision of exogenous glutamine would facilitate the
resynthesis and recovery of ATP. A sublethal hemor-
rhagic shock rat model was used. Glutamine was
administrated during resuscitation. Alanine and gly-
cine, an isocaloric mixture of amino acids, was provided
as an amino acid control. The hypothesis was that
glutamine, administrated during resuscitation after
hemorrhagic shock, would restore the depletion of
hepatic ATP, reduce cellular apoptosis, and increase

survival. Hepatic ATP and its metabolite xanthine
were measured. Apoptosis, cytosolic cytochrome-c,
caspase 3, and bcl-2 protein were assayed. Further-
more, a survival study was performed to compare
resuscitation with or without glutamine.

MATERIALS AND METHODS

Hemorrhagic Shock Model

Animals were maintained in the Animal Care Facil-
ity of the University of Missouri–Kansas City. Animals
were kept on 12:12-hour light-dark cycle with free
access to food and water. Male Sprague-Dawley rats
(300–350 g) were randomly assigned to 3 groups (Ring-
er’s lactate [LR], alanine-glycine and glutamine), each
of which was subjected to hemorrhagic shock in a sim-
ilar manner. Resuscitation was with LR and return of
shed blood. In the LR group, rats received LR 21
mL/kg, with no other pharmacologic treatment. In the
alanine-glycine group, rats received LR 21 mL/kg, with
alanine 0.15 g/kg and glycine 0.18 g/kg. In the glu-
tamine group, rats received LR 21 mL/kg, with glu-
tamine 0.3 g/kg.

All rats were anesthetized with isoflurane (Baxter
Healthcare Corporation, Deerfield, IL) using an anes-
thesia vaporizer (SurgiVet, Inc. Waukesha, WI) with
100% oxygen while breathing spontaneously. Isoflu-
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rane was adjusted from 3% to 1% after induction and
then maintained at 1% until the conclusion of the
experiment.

Rats were covered with a surgery drape. The tem-
perature under the drape was controlled by a lamp
over the table, maintaining it approximately at 28°C
during shock and 36°C during resuscitation. Vascular
access was obtained over the left neck incision. Dissec-
tion was carried down to the carotid artery and jugular
vein, and both were cannulated using PE50 polyethyl-
ene tubing (Becton Dickinson and Company, Sparks,
MD). All animals were anticoagulated with heparin
(300 units/kg) through the venous cannula after the
procedure was completed. A digital blood pressure ana-
lyzer (Micro-Med, Louisville, KY) was used to monitor
pressure continuously. Hemorrhagic shock was pro-
duced by withdrawing blood through the left carotid
arterial cannula over a 5-minute period, until the mean
arterial pressure (MAP) stabilized at 30–35 mm Hg.
The MAP was maintained at that level, with further
withdrawals of blood as required for 30 minutes. MAP
was monitored continuously and recorded every 5 min-
utes.

Resuscitation was carried out by giving LR (21
mL/kg), with or without alanine-glycine or glutamine
dissolved in LR, as outlined above, followed by return
of the shed blood. Resuscitation fluid and blood were
given slowly over a total of 30 minutes.

Liver biopsies by freeze-clamping were carried out
through a small midline laparotomy incision at base-
line, at the end of the shock period, and 30 minutes and
60 minutes after completion of resuscitation.2 Separate
groups of 7–8 animals were harvested at 24 and 48
hours after the shock period. In these animals, no
laparotomy was done initially. After resuscitation,
they were decannulated and allowed to recover. At the
later time, general anesthesia was induced, a midline
laparotomy incision was made, liver biopsies were
taken, and the animals were killed. All liver samples
were frozen in liquid nitrogen immediately and then
stored at �80°C until further studies were done.

High-Performance Liquid Chromatography

Separation of ATP and its metabolites, including
xanthine, was carried out using gradient high-perfor-
mance liquid chromatography (Beckman Instruments,
Fullerton, CA) using a Supelcosil LC-18-T reverse-
phase analytical column (Supelco, Bellefonte, PA).
Integration of peak areas was performed on the
HP3392A electronic integrator (Hewlett-Packard,
Monterey, CA). The Beckman Gold System software
was used for both system control, output display, and
data processing.2,4

Apoptosis

Liver cytosolic extract was analyzed for apoptosis,
cytochrome-c, caspase-3, and bcl-2 by using an enzyme-
linked immunosorbent assay (ELISA) kit, according to
the manufacturer’s recommendation. Apoptosis was
assayed by using a Cell Death Detection ELISA-PLUS
kit (Roche Applied Science, Indianapolis, IN). Cyto-
chrome-c was analyzed by using an assay kit (MBL

International, Woburn, MA). Caspase-3 was assayed
by using a Caspase-3 Protease Assay kit (BioSource
International, Inc, Camarillo, CA). Bcl-2 was analyzed
by using a bcl-2 ELISA kit (Oncogene Research Prod-
ucts, San Diego, CA).

Briefly, standards or experimental samples were
added to microplates coated with the monoclonal anti-
body of interest, followed by the addition of a biotinyl-
ated second antibody. After the first incubation and
washing, streptavidin-peroxidase (enzyme) was added
and conjugated. After second incubation and washing,
substrate solution was added and incubated. The
determination was assessed by absorbance at 450 nm
using a microtiter plate reader (Dynatech Laborato-
ries, Chantilly, VA).

Survival

For survival studies, separate groups of rats were
subjected to hemorrhagic shock at 30 or 90 minutes,
followed by resuscitation with LR (21 mL/kg), with or
without glutamine (0.3 g/kg) dissolved in LR, plus
return of shed blood. Animals were monitored for 72
hours.

Statistical Analysis

Data were expressed as mean � SEM and were
analyzed using Microsoft Excel (Microsoft Corp, Red-
mond, WA). Data were further analyzed by using
Kruskal-Wallis multiple-comparison z-value test
(NCSS, Kaysville, UT). One-tail analysis of variance
was used to compare survival rates (Microsoft Excel).
Data were further analyzed with Fisher’s exact test
(http://www.matforsk.no/ola/fisher.htm.). The signifi-
cance level was .05 for all analyses.

Institutional Approval

All animal care and experimental procedures were
carried out according to the Guidelines of the Labora-
tory Animal Center of the University of Missouri–
Kansas City, which is accredited by the American
Association for the Accreditation of Laboratory Animal
Care. The experimental protocols under which this
work was carried out were approved by the Institu-
tional Animal Care and Use Committee of the Univer-
sity of Missouri–Kansas City.

RESULTS

Glutamine Restores Cellular Energy After Hemorrhagic
Shock

The baseline values of ATP and xanthine were sim-
ilar in the different groups before the initiation of
shock. Compared with the baseline, as can be seen in
Figure 1, hepatic ATP levels were significantly reduced
after shock. The groups receiving LR alone and LR plus
alanine-glycine both showed ATP depletion at 30 and
60 minutes postresuscitation, and ATP levels
remained depressed at 24 hours. Hepatic ATP levels in
the group that received glutamine rose toward baseline
levels more quickly at 30 minutes postresuscitation,
and by 60 minutes they were not significantly different
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from baseline levels. Xanthine levels were significantly
increased after shock in all groups (Figure 2). At 60
minutes postresuscitation, hepatic xanthine levels
were lower in the glutamine group than in the LR and
alanine-glycine groups.

Glutamine Administration Diminishes Tissue Apoptosis

Apoptosis was increased at 24 and 48 hours in the
LR and alanine-glycine groups, whereas the glutamine
group showed no significant increase above baseline
(Figure 3).

Cytosolic cytochrome-c was present 24 and 48 hours
postresuscitation. The level was significantly less in
the glutamine groups compared with the LR and ala-
nine-glycine groups (Figure 4).

Hepatic caspase-3 activation was observed at 24 and
48 hours in the LR and alanine-glycine groups. It was
significantly less in the glutamine group (Figure 5).

Liver bcl-2 protein was diminished at 24 and 48
hours postresuscitation. However, bcl-2 levels in the
glutamine group was significantly higher than in the 2
control groups (Figure 6).

Glutamine Improves Survival After Hemorrhagic Shock

In separate studies of survival, the animal prepara-
tion was modified so that either a 30-minute or a
90-minute period of shock was used before resuscita-
tion. Animals were followed for 3 days. Administration
of glutamine during resuscitation enhanced survival

FIGURE 1. Hepatic adenosine triphosphate (ATP) concentrations in 3 groups of animals, measured at time intervals before shock, after 30
minutes of shock, and postresuscitation (30 minutes, 60 minutes, 24 hours, and 48 hours; PR). * p�.05 (Glutamine vs LR [Ringer’s lactate]
and Ala-Gly [alanine-glycine]).

FIGURE 2. Hepatic xanthine concentrations in 3 groups of animals, measured at time intervals before shock, after 30 minutes of shock, and
after resuscitation (30 minutes, 60 minutes, 24 hours, and 48 hours; PR). * p�.05 (glutamine vs LR and Ala-Gly).
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after the 90-minute shock period significantly com-
pared with resuscitation with LR alone (Figure 7).

DISCUSSION

The data presented support the hypothesis that glu-
tamine, when administrated during resuscitation after
hemorrhagic shock, will restore hepatic ATP. Work in
our laboratory has studied the effect of shock on cellu-
lar nucleotide levels.9 During normal metabolism, ATP
is metabolized to adenosine, inosine, and finally to
hypoxanthine and xanthine.2,9 Hemorrhagic shock has
been shown to cause depletion of ATP and correspond-
ing elevation of all ATP metabolites.9–11 Xanthine
accumulates during ischemia. Then, when oxygenation
is restored, the action of xanthine oxidase on xanthine
causes a burst of oxygen free radicals, which in turn

lead to cause cellular injury.12–15 ATP levels are recon-
stituted relatively slowly after even a brief period of
shock, returning to baseline only after 24–48 hours,
whereas elevated levels of xanthine may persist
beyond that time.2,4,7,12

In the present study, all groups of animals showed
the expected reduction in liver ATP and increase in
xanthine after 30 minutes of hemorrhagic shock. In the
groups receiving LR and alanine-glycine, these meta-
bolic alterations persisted, for up to 48 hours pos-
tresuscitation. In contrast, animals treated with glu-
tamine during resuscitation showed return of ATP
tissue levels to preshock levels in about 2 hours.
Some elevation of xanthine was seen even at 48
hours, but it was less than that seen in the control
groups.

FIGURE 3. Liver cell apoptosis in 3 groups of animals, measured at preshock and postresuscitation (PR) 24 and 48 hours. * p�.05 (Glutamine
vs LR and Ala-gly).

FIGURE 4. Liver cytosolic cytochrome-c levels in 3 groups of animals, measured at preshock and postresuscitation (PR) 24 and 48 hours.
* p�.05 (Glutamine vs LR and Ala-Gly).
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It is highly likely that apoptosis is a major mecha-
nism by which organ damage results from reperfusion
injury.16,17 Apoptosis is initiated by mitochondrial
damage. Cytochrome-c is released into the cellular
cytoplasm from damaged mitochondria. Its release is a
signal to initiate activation of the apoptotic pathway.
As shown in Figure 4, there was a marked increase in
free cytochrome-c detectable in the cytoplasmic frac-
tion of hepatic tissues compared with baseline at 24
and 48 hours in the LR and alanine-glycine groups. In
the glutamine group, by contrast, cytosolic cyto-
chrome-c levels remained near baseline.

The appearance of caspase-3 is generally accepted as
evidence that the apoptotic pathway has been acti-
vated and will proceed to apoptotic cell death.18 As
shown in Figure 5, there was a marked increase in
hepatic caspase-3 compared with baseline at 24 and 48

hours after a period of shock in the LR and alanine-
glycine groups. In the glutamine group, caspase-3 lev-
els remained near baseline.

The bcl-2 protein, a constituent of the mitochondrial
membrane, is thought to serve a protective function for
the mitochondrion against ischemic damage. Previous
research has established that levels of bcl-2 protein are
severely depressed after shock and resuscitation.19–21

As shown in Figure 6, levels of bcl-2 were markedly
depressed at 24 and 48 hours in the LR and alanine-
glycine groups but significantly less so in the glutamine
group. Treatment with glutamine appeared to contribute
to recovery of hepatic bcl-2 levels after shock.

Ultimately, any effective therapeutic agent must
improve survival. Importantly, the administration of
glutamine during resuscitation significantly enhanced
survival in this shock model.

FIGURE 5. Bcl-2 activity in 3 groups of animals, measured at preshock and postresuscitation (PR) 24 and 48 hours. * p�.05 (Glutamine vs LR
and Ala-Gly).

FIGURE 6. Caspase-3 levels in 3 groups of animals, measured preshock and postresuscitation (PR) 24 and 48 hours. * p�.05 (Glutamine vs
LR and Ala-Gly).
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In summary, glutamine is a precursor of ATP syn-
thesis. In stress states, it may be present in the body in
insufficient quantities. During conditions of stress, glu-
tamine levels have been documented to decrease dra-
matically in blood and extracellular fluid, and these
conditions are reported to persist throughout recov-
ery.22,23 Glutamine supplementation has been advo-
cated for patients under stress caused by infection,
recent surgery, or traumatic injury.24–26 Furthermore,
glutamine appears to be an immunomodulator and has
been used in immune-enhancing nutrition formu-
las.27,28 Work from our laboratory has shown that
administration of the alanine-glutamine dipeptide, a
glutamine source, can suppress messenger RNA (ribo-
nucleic acid) for the cytokines tumor necrosis factor
(TNF)-� and interleukin (IL)-1�, and for inducible NO
synthetase (iNOS).29 The mechanism by which glu-
tamine exerts these effects is not understood, although
there is recent published evidence that it may inhibit
NF�B activation through suppression of ubiquitination
of I�B, thus preventing its degradation by the
proteasome.30–33 Ziegler et al34 and Wischmeyer et al35

have postulated that it exerts a protective effect by
stimulating the production of heat shock protein
(HSP)-70.

CONCLUSIONS

Glutamine supplementation significantly protected
the liver from tissue damage caused by hemorrhagic
shock. Glutamine administration during resuscitation
is associated with more rapid return of cellular energy
stores toward normal levels. Agents such as glutamine
seem to favorably modulate the inflammatory response
to shock and resuscitation and prevent cellular dam-
age. Use of such agents may diminish the postshock
systemic inflammatory reaction and thus lower the
risk of organ failure and subsequent death. Glutamine
supplementation may help to protect cellular energy
stores in the stressed organism and may offer oppor-

tunities for therapeutic intervention during and after
stress.
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Alanine-Glutamine Dipeptide (AGD) Inhibits Expression of
Inflammation-Related Genes in Hemorrhagic Shock
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Nilofer Qureshi, PhD†; David C. Morrison, PhD*; and Charles W. Van Way III, MD*

From the *Department of Surgery and the †Shock/Trauma Research Center, University of Missouri–Kansas City, Kansas City, Missouri

ABSTRACT. Background: Inflammatory factors play an
important role in the production of cellular damage after
shock and reperfusion. Glutamine has been used to modulate
the inflammatory response. Alanine-glutamine dipeptide
(AGD) is a glutamine source. The hypothesis of the present
study is that AGD given during resuscitation will suppress
postshock expression of messenger ribonucleic acid (mRNA)
for tumor necrosis factor (TNF-�), interleukin-1 (IL-1�) and
inducible nitric oxide synthase (iNOS). Methods: Male
Sprague-Dawley rats (n � 74, 350 g � 30 g) were randomly
assigned to 5 groups. Under isoflurane anesthesia, the fem-
oral artery and vein were cannulated. Hemorrhagic shock
was induced by withdrawing blood through the arterial can-
nula until the mean arterial pressure (MAP) was 25–30 mm
Hg and maintained at the level for 30 minutes with further
withdrawals. Resuscitation was carried out by giving 21

mL/kg Ringer’s lactate (LR) with or without the administra-
tion of AGD (936 mg/kg) and returning the shed blood. Con-
trols were normal (anesthesia only), sham (surgical prepara-
tion), and shock (preparation and shock). Rats (n � 45, 9 per
group) were killed 30 minutes after completion of resuscita-
tion. Liver samples were collected, and total RNA was iso-
lated for reverse transcription–polymerase chain reaction
analysis of mRNA (TNF-�, IL-1�, iNOS, and �-actin). Results:
MAP recovered more quickly in the AGD group than in the
LR group. Increased expression of liver mRNA for TNF-�,
IL-1�, and iNOS was seen after hemorrhagic shock and
resuscitation. AGD treatment significantly reduced mRNA
expression for all 3. Conclusions: AGD modified the expression
of genes controlling cytokines and iNOS in the liver. This
agent is a potential treatment for hemorrhagic shock.
( Journal of Parenteral and Enteral Nutrition 31:32–36, 2007)

Inflammatory factors play an important role in the
host response to ischemic injuries and are probably
instrumental in the induction of organ failure after
hemorrhagic shock. A widely held view is that uncon-
trolled systemic activation of the inflammatory
response leads to cellular damage and organ dysfunc-
tion. Studies have shown that hemorrhagic shock and
resuscitation is associated with the activation of sev-
eral proinflammatory genes in the liver and develop-
ment of hepatocellular injury.1 In addition, hepatic
inducible nitric oxide synthase (iNOS) expression is an
early molecular response to hemorrhagic shock in
experimental animals and has also been reported in
injured patients.2

Alanine-glutamine dipeptide (AGD), clinically avail-
able in Europe, is rapidly hydrolyzed to alanine and
glutamine after IV administration. Unlike glutamine,
it is stable in solution and is available as a concen-
trated solution. AGD, like glutamine, seems to have
beneficial effects in critical illness. In studies of criti-
cally ill patients, AGD-supplemented parenteral nutri-
tion (PN) has been shown to reduce the length of stay

in the intensive care unit and to improve long-term
survival.3,4 Glutamine has also been shown to increase
survival in an animal model of hemorrhagic shock.5

To better understand how AGD presumably affects
the response to hemorrhagic shock, we have investi-
gated its effect on the cytokine response in a sublethal
hemorrhagic shock model. The present study has mea-
sured mRNA expression in the liver for tumor necrosis
factor (TNF-�), interleukin 1 (IL-1�), and iNOS. Our
hypothesis was that AGD suppresses postshock
expression of mRNA for TNF-�, IL-1�, and iNOS.

MATERIALS AND METHODS

Hemorrhagic Shock Model

A total of 74 rats were used in this study, of which 45
rats were used in mRNA studies, and 29 used to pro-
vide additional hemodynamic data. Sprague-Dawley
male rats (n � 45, 350 g � 30 g) were randomly
assigned to 5 groups to study mRNA expression in the
liver. Groups of 9 were: normal (anesthetized with
isoflurane 1% for 115 minutes), sham controls (surgical
preparation, no shock), shock controls (preparation
and shock, no resuscitation), LR (resuscitation with
Ringer’s lactate, without AGD), and AGD (resuscita-
tion with AGD). AGD (Fresenius Kabi, Graz, Austria),
was available as a 20% concentrated solution for infu-
sion, of which 100 mL contained N(2)-L-alanyl-D-glu-
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tamine 20 g (D-alanine 8.20 g, D-glutamine 13.46 g). An
additional 29 animals were studied to determine the
hemodynamic response to resuscitation with LR alone
(n � 14) or LR plus AGD (n � 15).

All rats were anesthetized with isoflurane (Baxter
Healthcare Corporation, Deerfield, IL) using an anes-
thesia vaporizer (SurgiVet, Inc, Waukesha, WI) with
100% oxygen connected to a glass chamber. Animals
were induced with 3% isoflurane in the chamber and
then positioned supine on the table, using a nose mask
for maintenance of anesthesia. Isoflurane was adjusted
from 3% to 1% after induction and then maintained at
1% until the conclusion of the experiment.

Rats were covered with a surgery drape. The tem-
perature under the drape was controlled by a lamp
over the table, maintaining it at 28°C during shock and
36°C during resuscitation.

Vascular access was obtained surgically. An incision
was made over the left groin. Dissection was carried
down to the femoral artery and vein, and both were
cannulated using PE50 polyethylene tubing (Becton
Dickinson and Company, Franklin Lakes, NJ). The
arterial cannula was filled with normal saline contain-
ing 100 units of heparin per mL and connected to a
solid-state pressure transducer. A digital blood pres-
sure analyzer (Micro-Med, Louisville, KY) was used to
monitor pressure continuously. All animals were anti-
coagulated with heparin (300 U/kg) through the femo-
ral vein cannula after the procedure was completed. At
the conclusion of the surgical procedure, the animals
were monitored for 5 minutes before shock was initi-
ated.

Hemorrhagic shock was produced by withdrawing
blood through the left femoral arterial cannula quickly
at first, and then more slowly, over a 5-minute period,
until the mean arterial blood pressure (MAP) stabi-
lized at 25–30 mm Hg. The blood pressure was main-
tained at that level with further withdrawals of blood
as required for 30 minutes. Blood pressure was moni-
tored continuously and recorded every 5 minutes.

Resuscitation was carried out by giving LR (21
mL/kg), with or without AGD (936 mg/kg, equivalent to
glutamine 630 mg/kg) dissolved in LR to a total volume
of 21 mL/kg, followed by return of the shed blood to the
animal. Resuscitation fluid and blood were given
slowly over a total of 30 minutes, administrated by
using an electric syringe pump (Harvard Apparatus,
Holliston, MA). Blood pressure was monitored and
recorded every minute during the first 15 minutes of
resuscitation.

Monitoring was continued for 30 minutes after com-
pletion of resuscitation. At that point, each group con-
taining 9 animals, a total of 45 rats, was harvested. A
midline laparotomy incision was made, and liver biop-
sies were taken. Samples were frozen in liquid nitrogen
immediately, and then stored in a �80°C refrigerator
for further studies. After that, animals were killed by
exsanguination.

In the 29 animals studied for hemodynamic
response, blood pressure was monitored until after
resuscitation, and animals were killed at differing
times up until 90 minutes postresuscitation.

Institutional Approval

All animal care and experimental procedures were
carried out according to the Guidelines of the Labora-
tory Animal Center of the University of Missouri–
Kansas City, which is a facility accredited by the Amer-
ican Association for the Accreditation of Laboratory
Animal Care. The experimental protocols under which
this work was carried out were approved by the Insti-
tutional Animal Care and Use Committee of the Uni-
versity of Missouri–Kansas City.

Reverse Transcription–Polymerase Chain Reaction (RT-
PCR)

Total RNA was extracted from liver samples using
the RNeasy Mini Kit (Qiagen Companies, Valencia,
CA). RNA concentration was calculated from absor-
bance at 260 and 280 nm using a spectrophotometer
(Beckman, Fullerton, CA). RNA sample concentrations
were adjusted to 0.5 �g/�L for RT-PCR (TNF-�, IL-1�,
iNOS, and �-actin).

RT-PCR was done with the OneStep RT-PCR Kit
(Qiagen Companies). The following components were
added to the reaction vials: 5 �L 5 � Qiagen OneStep
RT-PCR Buffer; 1 �L dNTP Mix (containing 10 mmol/L
of each dNTP); 1 �L Qiagen OneStep RT-PCR Enzyme
Mix; 1 �M primer (forward and reverse); 1 �g template
RNA. The total volume was 25 �L mixed in RNease-
free water.

Thermal cycler conditions were as follows: (1)
reverse transcription: 50°C, 32 minutes; (2) initial PCR
activation step: 95°C, 15 minutes; (3) denaturation:
94°C, 45 seconds; (4) annealing: 62°C, 45 seconds; (5)
extension: 72°C, 1 minute; (6) number of cycles: TNF-�
was 30 cycles, iNOS was 28 cycles; IL-1� and �-actin
were 24 cycles; (7) final extension: 72°C, 10 minutes.

The product of RT-PCR (5 �L) plus loading buffer (1
�L) was applied to the top of a 2% agarose gel and
separated by electrophoresis at 87 V for 45 minutes.
The gel was stained in 0.5 �g/mL ethidium bromide for
30 minutes and then placed under an ultraviolet source
to be photographed (Polaroid, Waltham, MA). The
molecular sequence and expected size (in bp) of RT-
PCR products for the various primers are shown in
Table I.

The results are expressed as the number of animals
in each group which were positive for detectable
expression of TNF-�, IL-1�, and iNOS mRNA. The
cDNA electrophoretic bands of all samples were com-
pared with the known positive controls at each locus,
recording each sample as being either positive or neg-
ative at that locus.

Statistical Analysis

Data on hemodynamics are expressed as mean �
SEM. Data were analyzed using Microsoft Excel. Stu-
dent’s t-test was used to compare hemodynamic mea-
surements for the AGD group and the LR group. A
significance level was set at .05.

A 2-way analysis of variance was used to analyze all
of the gene expression data. The significance level was
set at .05. Data were further analyzed with Fisher’s
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exact test (http://www.matforsk.no/ola/fisher.htm) and
Kruskal-Wallis multiple-comparison z-value test
(NCSS, Kaysville, UT).6

RESULTS

There were no differences of the amount of blood
withdrawn among shock, LR, and AGD groups. The
resuscitation rates were similar between LR and AGD
groups. There were no deaths during the experiments.

Table II shows rats’ weight, surgery time, and blood
removal during the experiment (mean � SEM). There
were no differences among groups for weight, surgery
time, and blood withdrawal.

Hemodynamic studies showed a small but measur-
able effect of AGD. Figure 1 shows that MAP in the
sham control did not change during the experiment.
MAP in the shock control, LR group, and AGD group
fell to the same level during shock. Shock controls
recovered somewhat after shock but continued to show
much lower MAP than the others until the end of the
experiment. MAP in both LR and AGD groups recov-
ered to baseline within 10 minutes of beginning fluid
resuscitation and exceeded baseline values during
resuscitation. After resuscitation the MAP decreased
gradually to a little lower than baseline. In the AGD
group, MAP recovered more quickly than in the LR
group during resuscitation, and the difference was sta-
tistically significant. Table III shows the differences of
MAP between the LR and AGD groups in the first 8
minutes of resuscitation.

Expression of mRNA for TNF-�, IL-1�, and iNOS
was most strongly exhibited in the shock group and the
LR group. It was less strongly demonstrated in the
AGD group. Figure 2 shows the number of animals
exhibiting mRNA expression in the liver. Normal con-
trol rats were negative for TNF-� and IL-1� mRNA;
only 1 rat was positive for iNOS mRNA. Only 2 or 3 of
sham control animals (n � 9, each group) were positive
for TNF-�, IL-1� or iNOS mRNA. In the shock controls

and in the LR group, most animals (7 or 8 in a total of
9) showed expression of mRNA for TNF-�, IL-1�, and
iNOS. In the AGD group, only 3 rats were positive for
TNF-�, IL-1�, and iNOS. The AGD group was not
significantly different from the sham control group but
was significantly different from the LR group for IL-1�
and iNOS expression (p � .05). All animals showed
�-actin mRNA expression.

Figure 3 shows representative mRNA expression
from each of the 5 experimental groups. A strong �-ac-
tin band indicated that adequate cDNA was obtained
from all samples.

DISCUSSION

When AGD was given during resuscitation from
hemorrhagic shock, the MAP recovered more quickly
than with LR alone. All animals received the same
total allotted volume over the same time period. The
mechanism of this circulatory response to AGD is not
apparent from the present study. Studies by others
have shown that AGD does not affect hemodynamics in
normal sheep.7 Investigators have found that intesti-
nal blood flow is restored after hemorrhage with
enteral glutamine administration, apparently by selec-
tive dilation of the premucosal arterioles, as in the
suggestion by Flynn et al8 that early enteral nutrition
with glutamine after resuscitation from hemorrhagic
shock may help to preserve intestinal mucosal integ-
rity by restoring mucosal blood flow.

Our results showed that hemorrhagic shock and
resuscitation with LR are associated with appearance
of hepatic mRNA for TNF-�, IL-1�, and iNOS. These
results indicate that proinflammatory gene activation

FIGURE 1. Time course of MAP during the experiment. Sham control
group remained at baseline. Shock control, LR, and AGD groups fell
to 25–30 mmHg for 30 minutes during the shock. LR and AGD
groups recovered to baseline during resuscitation.

TABLE II
Rats’ weight, surgery time, and blood withdrawing

Sham Shock LR AGD

Weight, g 364 � 5.6 358 � 7.0 377 � 15 356 � 13
Surgery time, min 8.0 � 0.2 7.2 � 0.5 7.1 � 0.4 6.4 � 0.3
Blood withdrawing,

mL
0 10.0 � 0.7 11.0 � 0.6 10.2 � 0.9

AGD, alanine-glutamine dipeptide; LR, Ringer’s lactate.

TABLE I
Oligonucleotide primers for reverse transcription–polymerase chain reaction (RT-PCR)

Protein Direction Primer sequence Size (bp)

TNF-� Forward 5	-AAGTTCCCAAATGGCCTCCCTCTCATC-3	 300
Reverse 5	-GGAGGTTGACTTTCTCCTGGTATGAGA-3	

IL-1� Forward 5	-AGGCTTCCTTGTGCAAGTGT-3	 230
Reverse 5	-TGAGTG ACACTGCCTTCCTG-3	

iNOS Forward 5	-TCGAGCCCTGGAAGACCCACATCTG-3	 250
Reverse 5	-GTTGTTCCTCTTCCAAGGTGTTTGCCTTAT-3	

�-actin Forward 5	-CAGTCCGCCTAGAAGCATTT-3	 153
Reverse 5	-GATCATTGCTCCTCCTGAGC-3	

IL-1� , interleukin-1; iNOS, inducible nitric oxide synthase; TNF-�, tumor necrosis factor.
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occurs in the liver quite early after shock and resusci-
tation. Animals resuscitated with AGD showed a much
less prominent mRNA response. The experimental
hypothesis that AGD would suppress proinflammatory
gene activation is supported by the results of the exper-
iments.

Inflammatory cytokines have been implicated in tis-
sue damage and mortality in hemorrhagic shock.9,10

Resuscitation from hemorrhagic shock triggers an
inflammatory response characterized by up-regulation
of cytokine expression.11 TNF-� and IL-1� have been
reported to be derived predominantly from activated
macrophages, and act via specific cell-membrane-
bound receptors.12,13 Work by Schroder et al14 showed
that AGD given in PN produced suppression of cyto-
kine release in gut mononuclear cells and splenic mac-
rophages compared with enteral-fed controls without
AGD or glutamine.

In a review, Angele and Faist15 indicated that
increased plasma levels of proinflammatory cytokines
act to depress macrophage function. In vivo adminis-
tration of TNF-� and IL-1� induces a shocklike syn-
drome, similar to that observed after severe blood loss
or sepsis. Angele and Faist15 speculated that these
cytokines may play a role in initiating the cascade of
events that can lead to the development of multiple
organ dysfunction after severe hemorrhagic shock.

iNOS is significantly up-regulated after hemorrhagic
shock and postresuscitation in the liver. It is thought to
be one of the major contributors to hepatic injury
caused by severe hemorrhagic shock.2,16 The mecha-

nism of up-regulation is unclear but could include hyp-
oxia or the action of cytokines. Our results indicate
that iNOS is not only up-regulated during shock but
that it remains elevated after resuscitation.17 Several
studies have suggested that excessive NO production
contributes to the organ injury associated with hemor-
rhagic shock and resuscitation.16,18–20 The induction of
iNOS is part of a complex inflammatory response,
including activation of signaling proteins and cytokine
expression, ultimately leading to morphologic and
functional injury.17,21

Studies in postsurgical, critically ill patients have
shown that parenteral supplementation of glutamine
shortened hospital stay and improved nitrogen bal-
ance.3,22 It has been suggested that glutamine protects
against oxidant stress.23,24 Other studies indicated
that AGD modulates the immune response.25,26 Deple-
tion of glutamine correlates with altered phagocytic
ability of monocytes in vitro. The expression of various
antigens on human monocytes from apparently
healthy volunteers is dependent on glutamine concen-
tration in the cell culture medium.27

Resuscitation with AGD reduced liver mRNA
expression for TNF-�, IL-1�, and iNOS compared with
resuscitation with LR only (Figure 2). These results
confirm our hypothesis that AGD suppresses postshock
overexpression of mRNA for TNF-�, IL-1�, and iNOS.

CONCLUSION

AGD has potential for treatment of hemorrhagic
shock. The development of new pharmacologic strate-
gies to minimize late tissue and organ damage has the
potential to greatly improve the clinical treatment of
hemorrhagic shock. Subsequent investigations will
explore the mechanism of action of AGD and glu-
tamine.
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FIGURE 2. Number of animals expressing mRNA for TNF-�, IL-1�,
iNOS and �-actin in different experimental groups. *p � .05;
†p � .078 (AGD compared to LR group).

TABLE III
MAP differences between Ringer’s lactate (LR) and alanine-glutamine

dipeptide (AGD) groups

Time, min
MAP (mm Hg)

t Test (p value)
LR AGD

40 27.2 27.4 .59
41 34.8 37.9 .014
42 47.8 60.4 �.01
43 62.6 77.8 �.01
44 73.2 86.1 �.01
45 80.2 89.9 .001
46 85.2 92.9 .004
47 88.8 94.2 .029
48 91.4 95 .129

MAP, mean arterial pressure. FIGURE 3. TNF-�, IL-1�, iNOS and �-actin mRNA expression. Taken
from a representative rat in each group.
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Effect of DHEA on the Hemodynamic Response to
Resuscitation in a Porcine Model of Hemorrhagic Shock
Rongjie Yang, MD, Brian M. Tibbs, MD, Bill Chang, MD, Chau Nguyen, MD, Charles Woodall, MD,
Robert Steppacher, MD, Thomas Helling, MD, David C. Morrison, PhD, and Charles W. Van Way III, MD

Background: Hemorrhagic shock is a
major cause of death from trauma. Phar-
macologic treatment has not been satisfac-
tory. The objective of this study was to use a
porcine model of hemorrhagic shock and
resuscitation to access the hemodynamic ef-
fects of dehydroepiandrosterone (DHEA),
an adrenal steroid hormone reported to im-
prove cardiac function in patients.

Methods: Hemorrhagic shock was
produced in 20- to 30-kg male Yorkshire
pigs anesthetized with 2% isoflurane by
withdrawing blood through a carotid can-
nula to a mean arterial pressure (MAP) of
40 to 45 mm Hg and maintaining that level
for 60 minutes by further removals of

blood. Resuscitation was with 21 mL/kg
Ringer’s lactate (LR), with (n � 6) or
without (n � 6) DHEA (4 mg/kg) dissolved
in propylene glycol. The animals were killed
after 7 days. Continuous cardiac output
(CCO) was recorded using a modified Swan-
Ganz catheter system. MAP, heart rate (HR),
central venous pressure (CVP), and pulmo-
nary arterial pressure (PAP) were measured
every 5 minutes until 60 minutes postresusci-
tation. From MAP, CCO, HR, and CVP, we
calculated total peripheral resistance (TPR),
stroke volume (SV), and left ventricular stroke
work (SW).

Results: The MAP, CCO, SV, and
SW decreased significantly during hemor-

rhagic shock, and then gradually in-
creased to baseline levels during and 1
hour after resuscitation. The TPR was in-
creased during hemorrhagic shock, and
then gradually decreased to baseline levels
during and after resuscitation. DHEA ad-
ministration was associated with no signif-
icant improvement.

Conclusion: DHEA when added to
standard fluid resuscitation showed no
added benefit as resumed by the hemody-
namic response.

Key Words: Hemorrhagic shock, De-
hydroepiandrosterone (DHEA), Continu-
ous cardiac output.

J Trauma. 2006;61:1343–1349.

Dihydroepiandrosterone (DHEA) is the most abundant
steroid hormone in plasma. Although it is an interme-
diary in the synthesis of testosterone and estrogen,1,2

studies have indicated that administration of supplemental
DHEA may be effective in the treatment of shock. Cardiac
performance and organ blood flow are diminished in male
rats after hemorrhage.3,4 Androstenediol, one of the metabo-
lites of DHEA, when given either subcutaneously or intrave-
nously after hemorrhage has been reported to improve organ
blood flow and function, and to prevent reperfusion injury.5–7

Mice subjected to both trauma and hemorrhage received a
subcutaneous injection of DHEA (4 mg/kg body weight),
immediately before fluid resuscitation. This dose and route of
DHEA administration have been previously found to be ef-
fective in restoring immune functional parameters in the

trauma-hemorrhage model.8 Experiments in rats have showed
that DHEA is associated with increased survival after hem-
orrhagic shock.

The objective of the present study was to assess the
hemodynamic effects of DHEA in a porcine model of hem-
orrhagic shock and resuscitation. Because the cardiovascular
responses of the pig are similar to those of humans, this study
was thought to be an important preliminary to possible clin-
ical application. This model has been extensively used in
studies published from other investigators, and the porcine
model has been used in our lab, as well. Although DHEA
may be given either intravenously or subcutaneously, this
study has used DHEA as part of the intravenously adminis-
trated resuscitation regimen. The hypothesis of the study was
that the use of DHEA during resuscitation would enhance the
cardiovascular response, as measured by cardiac output, car-
diac function, and peripheral resistance.

MATERIALS AND METHODS
Hemorrhagic Shock Model

Yorkshire pigs (male, 20 to 30 kg) were used in this
study. All animals were kept in the animal care facility for
several days before being used in the experimental study. The
animals were anesthetized with xylazine (2 mg/kg) intramus-
cularly (IM) and ketamine (20 mg/kg) IM for induction,
followed by endotracheal tube intubation and maintenance
with isoflurane 1% to 3% and oxygen (3 L) during the
remainder of the experiment.
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Vascular access was obtained in the following manner.
An incision was made over the right side of the neck. Dis-
section was carried down to the carotid artery and jugular
vein, and both were cannulated. The arterial cannula was
connected to a blood pressure transducer, filled with lactated
Ringer’s solution containing 100 units of heparin per milli-
liter; blood pressure was monitored during the entire proce-
dure. Through a catheter sheath placed in the jugular vein, a
Swan-Ganz catheter modified for continuous cardiac output
(CCO) measurement was placed, and connected to the mon-
itoring device. This system allowed measurement of the car-
diac output every minute throughout the experiment. Arterial
blood pressure (ABP), mean blood pressure (MAP), central
venous pressure (CVP), heart rate (HR), and pulmonary ar-
tery pressure (PAP) were also measured. Subsequently, cal-
culations were made of left ventricular stroke volume (SV �
(CO/HR) � 1000 mL/beat), stroke work (SW � SV �
MAP � 0.013 g�m), and total peripheral resistance (TPR �
((MAP � CVP) / (CO) � 80) dyne�sec/cm5). After cannula-
tion, all cardiovascular measurements were performed for 15
minutes before shock was initiated.

Hemorrhagic shock was produced by withdrawing blood
until the arterial pressure dropped below 45 mm Hg, maintaining
the pressure at 40 to 45 mm Hg with further withdrawals of
blood as required for a total of 60 minutes of shock.

Resuscitation solution was administered through the ve-
nous cannula. Ringer’s lactate (LR) was administered (21
mL/kg), either with (n � 6) or without (n � 6) the addition
of DHEA (4 mg/kg). After fluid administration, the shed
blood (anticoagulated with citrate and kept warm) was re-
turned to the animal. Resuscitation fluid and blood were
given over a total of 25 to 30 minutes.

Monitoring was continued for 60 minutes after comple-
tion of resuscitation. The vessels were decannulated and the
incision closed. The animal was allowed to awaken. Standard
postoperative care, including the use of analgesics for dis-
comfort, was performed. After 1 week, the animals were
anesthetized, biopsies were taken for other studies (not re-
ported), and the animals were killed using an overdose of
barbiturates.

Statistical Analysis
Data were analyzed using Excel. Student’s t test was

used to compare values for the hemodynamic measurements
for the DHEA group and the control group, taken every 5
minutes through the protocol.

Institutional Approval
All animal care and experimental procedures were per-

formed according to the Guidelines of the Animal Care and
Use Facility of the University of Missouri-Kansas City, and
were in accordance with the guidelines of the American
Association for the Accreditation of Laboratory Animal Care.
The experimental protocols under which this work was per-

formed were approved by the Institutional Animal Care and
Use Committee of the University of Missouri–Kansas City.

RESULTS
All animals survived to one week. Results are presented in

Table 1 and Figures 1 to 6. All animals showed a similar pattern.
About half of the whole body blood volume was removed by the
end of the shock period. The cardiac output, arterial pressure,
stroke volume, and stroke work all decreased significantly dur-
ing hemorrhagic shock and then gradually increased to baseline
levels during resuscitation, continuing during the hour after
resuscitation. Total peripheral resistance was elevated during
hemorrhagic shock, and then gradually decreased to baseline
levels during and after resuscitation.

Comparing the DHEA group with the control group, there
were no significant differences (p � 0.05).

DISCUSSION
The cardiovascular effects of shock are as profound as the

metabolic effects. Cardiac output is a useful method to evaluate
cardiac function in clinical work, and experimental studies.4,6,9

Cardiac output is useful in the large animal shock model, such as
pig and dog.10–13 This study applied the technique of continuous
measurement of cardiac output using a thermodilution technique to
shock and resuscitate. Our findings agree with those published by
others in the porcine model, the canine model, and in patients.10–14

The CCO was decreased during shock, rose to above baseline with
resuscitation, then declined to baseline during the hour after resus-
citation. Stroke volume and stroke work both reflected the
changes in CCO. In this series of experiments, the animals did
not show evidence of postresuscitation myocardial depression.

Continuous thermodilution cardiac output measurement
has been considered the current bedside “gold standard” for
cardiac output measurement.15 However, it requires place-
ment of a pulmonary artery catheter and questions have been
raised regarding the risk-to-benefit ratio of this invasive
technique.15–19 Echocardiography can be used to provide
noninvasive continuous measurement of cardiac output. It
shows good agreement with continuous cardiac output mea-
surement using thermodilution.16 Kevin et al. concluded that
echocardiography is a minimally invasive technique that has
a good safety profile, is easy to use, and requires only min-
imal training. However, wide variations were observed with
echocardiography in several studies, raising concerns about
the precision of this technique. It appears unlikely that echo-
cardiography will replace pulmonary artery catheter at
present.15 Other reviews concluded that the Swan-Ganz cath-
eter monitoring has limitations but is an established technique
for monitoring.17,18 In the pig model, recording of echocar-
diography has been noted to be imprecise.19 A major limita-
tion of both techniques is that no continuous assessment of
right ventricular parameters was possible. To overcome this
problem, a new modified pulmonary artery catheter that con-
tinuously assesses right ventricular parameters has recently
been introduced. The new continuous pulmonary artery cath-
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eter system appears to be a valid and useful bedside moni-
toring device in the hemodynamic management of critically
ill patients.17,20

Studies done by Chaudry and colleagues have shown that
administration of DHEA (30 mg/kg) at the end of resuscita-
tion prevented the deterioration of cardiac output that was
seen in control animals.9 Administration of DHEA also
restored hepatocellular function and, in other experiments,
prevented cytokine release.9,21 It was suggested by the
investigators that the improvement of cardiovascular function
may be associated with attenuation in interleukin-6 levels and
an increase in plasma nitrite/nitrate levels, and mediated via
the estrogen receptors.5,6,9

Studies in the mouse model showed that administration
of DHEA prevented the depression of cell-mediated immune
responses after a model combining trauma and hemorrhage.
Moreover, studies demonstrated that DHEA treatment in
male mice after trauma-hemorrhage improved immune re-
sponse and decreased mortality from subsequent sepsis com-
pared with control animals.1,8,22–26 In a review, Jarrar et al.
concluded that the use of DHEA has potential for possible use
in patients, based on its use in the rodent models.21

Beishuizen et al. measured DHEA-sulfate (DHEAS) in
30 patients who were septic, 8 patients with multiple injuries,
and 40 matched controls. They found that DHEAS was very
depressed in septic shock, and somewhat less depressed in
multiple injuries. Clinical studies suggested that DHEA
might be a prognostic marker and a sign of exhausted adrenal
reserve in critical illness.27

We have used a relatively modest dose of DHEA in this
study. Considering the side effects of the drug given in larger
doses which have been reported in human studies,28–31 we
thought that even if larger doses were effective, they would
be of little use clinically. The dose we used is lower than used
in the studies in the rat model, which showed that DHEA
improved cardiac output.9 It appears that there is species
variance in the response to DHEA. In a pig model involving
trauma and a delayed LPS challenge, animals were resusci-
tated with DHEA at larger doses (4 mg/kg, 10 mg/kg, and 20
mg/kg), and dosed again at 24, 48, and 72 hours. DHEA
administration failed to blunt the associated systemic inflamma-
tory response and pulmonary failure.32 The results of the present
study then are consistent with other findings in the pig model.

Hemorrhagic shock is an important clinical problem and
cannot be presently treated effectively with drugs. The de-
velopment of new pharmacologic strategies to minimize late
tissue and organ damage will greatly improve the clinical
treatment of hemorrhagic shock. This study was done as part
of a series of investigations designed to define optimal
resuscitation fluids and potentially useful supplements for
treatment of hemorrhagic shock. The object of improving
resuscitation is to reduce postresuscitation cellular dam-
age, consequent organ dysfunction, and mortality. Because
the available experimental evidence suggests that currently
promising interventions may work through different mech-Ta
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anisms, there is a critical need to determine the extent to
which combinations of these strategies might be employed to
further improve outcomes.

CONCLUSIONS
The hypothesis of this study was that DHEA, when

added to standard fluid resuscitation, would enhance the

Fig. 1. Both Ringer’s lactate and DHEA treatment mean arterial pressure decreased significantly during hemorrhagic shock, and then
gradually increased to baseline levels during and 1hour after resuscitation.

Fig. 2. Ringer’s lactate and DHEA treatment mean arterial pressure (MAP) at preshock and 1 hour postresuscitation. The results indicate
that preshock and 1 hour postresuscitation have no significant difference between groups.
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cardiovascular response. However, the evidence showed
clearly that DHEA has no effect upon the early cardiovascu-
lar response to resuscitation after hemorrhagic shock. Clinical
studies cannot be recommended on the basis of these find-

ings. However, this investigation used only a single, rela-
tively modest dose of DHEA (4 mg/kg), and does not rule
out the possibility that higher doses might have produced
a hemodynamic response. It should be noted that this study

Fig. 3. Both Ringer’s lactate and DHEA treatment continuous cardiac output decreased significantly during hemorrhagic shock, and then
gradually increased to baseline levels during and 1 hour after resuscitation.

Fig. 4. Ringer’s lactate and DHEA treatment continuous cardiac output (CCO) at preshock and 1 hour postresuscitation. The results indicate
that preshock and 1 hour postresuscitation CCO have no significant difference between groups.
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did not include the measurement of inflammatory or met-
abolic responses to shock and resuscitation, and hence
cannot exclude the possibility that DHEA is beneficial in

other ways, as previous investigations have suggested. The
present study employed continuous measurement of car-
diac output in the porcine shock model. This methodology

Fig. 5. Both Ringer’s lactate and DHEA treatment stroke volume decreased significantly during hemorrhagic shock, and then gradually
increased to baseline levels during and 1 hour after resuscitation.

Fig. 6. Ringer’s lactate and DHEA treatment stroke volume at preshock and 1 hour postresuscitation. The results indicate that preshock and
1 hour postresuscitation stroke volumes have no significant difference between groups.
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was found to be useful in the study of hemorrhagic shock
and resuscitation.

ACKNOWLEDGMENTS
We appreciate the able assistance of Ms. Mary Landis, Ms. Ann

Thomas, and Mrs. Mollie Caldwell.

REFERENCES
1. Angele MK, Catania RA, Ayala A, et al. Dehydroepiandrosterone an

inexpensive steroid hormone that decreases the mortality due to
sepsis following trauma-induced hemorrhage. Arch Surg. 1998;
133:1281–1288.

2. Suitters AJ, Shaw S, Wales MR, et al. Immune enhancing effects of
dehydroepiandrosterone and dehydroepiandrosterone sulphate and the
role of steroid sulphatase. Immunology. 1997;91:314–321.

3. Wang P, Hauptman JG, Chaudry IH. Hemorrhage produces
depression in microvascular blood flow which persists despite fluid
resuscitation. Circ Shock. 1990;32:307–318.

4. Wang P, Ba ZF, Burkhardt J, et al. Trauma-hemorrhage and
resuscitation in the mouse: effects on cardiac output and organ blood
flow. Am J Physiol. 1993;264:1166–1173.

5. Shimizu T, Szalay L, Choudhy MA, et al. Mechanism of salutary
effects of androstenediol on hepatic function after trauma-
hemorrhage: the role of endothelial and inducible nitric oxide
synthase. Am J Physiol Gastrointest Liver Physiol. 2005;288:G244–
G250.

6. Shimizu T, Choudhry MA, Szalay L, et al. Salutary effects of
androstenediol on cardiac function and splanchnic perfusion after
trauma-hemorrhage. Am J Physiol Regul Integr Comp Physiol. 2004;
287:386–390.

7. Lohman R, Yowell R, Barton S, et al. Dehydroepiandrosterone
protects muscle flap microcirculatory hemodynamics from ischemia/
reperfusion injury: an experimental in vivo study. J Trauma. 1997;
42:74–80.

8. Catania RA, Angele MK, Ayala A, et al. Dehydroepiandrosterone
restores immune function following trauma-haemorrhage by a direct
effect on T-lymphocytes. Cytokine. 1999;11:443–450.

9. Jarrar D, Wang P, Cioffi WG, et al. Mechanisms of the salutary
effects of dehydroepiandrosterone after trauma-hemorrhage. Arch
Surg. 2000;135:416–423.

10. Wade CE, Tillman FJ, Loveday JA, et al. Effect of dehydration on
cardiovascular responses and electrolytes after hypertonic saline/
dextran treatment for moderate hemorrhage. Ann Emerg Med. 1992;
21:113–119.

11. Horton J, Landreneau R, Tuggle D. Cardiac response to fluid
resuscitation from hemorrhagic shock. Surg Gynecol Obstet. 1985;
160:444–452.

12. Dula DJ, Lutz P, Vogel MF, et al. Rapid flow rates for the resuscitation
of hypovolemic shock. Ann Emerg Med. 1985;14:303–306.

13. Guss R, Badder EM, Seaton JF, et al. Cardiac output following
adrenomedullary deprivation. Surg Gynecol Obstet. 1977;145:545–548.

14. Velmahos GC, Demetriades D, Shoemaker WC, et al. Endpoints of
resuscitation of critically injured patients: normal or supranormal?
A prospective randomized trial. Ann Surg. 2000;232:409–418.

15. Laupland KB, Bands CJ. Utility of esophageal Doppler as a
minimally invasive hemodynamic monitor: a review. Can J Anaesth.
2002;49:393–401.

16. Su NY, Huang CJ, Tsai P, et al. Cardiac output measurement during
cardiac surgery: Esophageal Doppler versus pulmonary artery
catheter. Acta Anaesthesiol Sin. 2002;40:127–133.

17. Boldt J. Clinical review: hemodynamic monitoring in the intensive
care unit. Crit Care. 2002;6:52–59.

18. Perrino AC Jr. Cardiac output monitoring by echocardiography:
should we pass on Swan-Ganz catheters? Yale J Biol Med. 1993;
66:397–413.

19. Handke M, Heinrichs G, Magosaki E, et al. Three-dimensional
echocardiographic determination of cardiac output at rest and under
dobutamine stress: comparison with thermodilution measurements in
the ischemic pig model. Echocardiography. 2003;20:47–55.

20. Zink W, Noll J, Rauch H, et al. Continuous assessment of right
ventricular ejection fraction: new pulmonary artery catheter versus
transoesophageal echocardiography. Anaesthesia. 2004;59:1126–
1132.

21. Jarrar D, Kuebler JF, Wang P, et al. DHEA: a novel adjunct for the
treatment of male trauma patients. Trends Molecular Med. 2001;
7:81–85.

22. Araneo BA, Shelby J, Li GZ, et al. Administration of
dehydroepiandrosterone to burned mice preserves normal
immunologic competence. Arch Surg. 1993;128:318–325.
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Abstract 

Background. The reservoir model of rat hemorrhagic shock is widely used. In this 

model, either the carotid or femoral artery can be cannulated to withdraw blood and 

measure pressure. In animals undergoing hemorrhage using the carotid approach, we 

observed seizure activity during the post-shock period, suggesting some degree of brain 

damage. The hypothesis of the present study is that survival in a model of severe 

hemorrhagic shock would be higher with femoral cannulation than with carotid 

cannulation.  

Materials and methods. All animals (n=90) were anesthetized with isoflurane using 

an anesthesia vaporizer while breathing spontaneously. In group 1, the left carotid artery 

and jugular vein were cannulated; in group 2, the left femoral artery and vein were 

cannulated. Following a period of hemorrhagic shock (20-30mmHg for 30, 60, or 50-90 

minutes), resuscitation was performed through the venous cannula by giving L-Lactated 

Ringer’s (21ml/kg) and returning the shed blood. 

Results. In the carotid cannulation group, nearly 50% of the animals had seizures 

after resuscitation, and most of those animals died following the seizures. The 24-hour 

survival rate in the femoral artery cannulation group was significantly higher than in the 

carotid artery cannulation group. Femoral cannulated animals had no seizures following 

reperfusion.   

Conclusions. Femoral artery cannulation was associated with considerably better 

survival than carotid artery cannulation in this rodent model of hemorrhagic shock. The 
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occurrence of seizures in animals undergoing carotid cannulation suggests brain 

damage from inadequate cerebral perfusion or subsequent reperfusion damage. 
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INTRODUCTION 

The reservoir model of hemorrhagic shock using the rat is widely used in shock 

research. Cannulation techniques have used either the carotid or femoral artery. Carotid 

cannulation in the normal rat appears to produce no defects in cerebral perfusion, and 

the artery can be ligated at the conclusion of the procedure without apparent ill effects. 

However, this is not necessarily true during severe hemorrhagic shock. In a number of 

animals undergoing severe hemorrhage, we have observed seizure activity during the 

post-shock period, suggesting some degree of brain damage.  

The hypothesis of the present study is survival in a rat model of severe hemorrhagic 

shock is higher with femoral cannulation than with carotid cannulation. 

MATERIALS AND METHODS 

Male Sprague-Dawley rats (n=90, 350±30g) were randomly assigned to two groups. 

In group 1(n=70), the right carotid artery and jugular vein were cannulated. In group 2 

(n=20), the left femoral artery and vein were used. All animals were anesthetized with 

isoflurane using an anesthesia vaporizer while breathing spontaneously. Following a 

period of hemorrhagic shock (20-25 or 25-30mmHg for 30, 60, or 50-90 minutes), 

resuscitation was done through the venous cannula by giving L-lactated Ringer’s 

solution (21ml/kg) and returning the shed blood. Animals were monitored closely, and the 

survival rate was recorded at the end of 24, 48, and 72 hours. 

All animal care and experimental procedures were carried out according to the 

Guidelines of the Animal Care and Use Facility of the University of Missouri-Kansas City.  
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RESULTS 

 As shown in Table 1, rats (n=27) were cannulated using the carotid arteries and 

were subjected to hemorrhagic shock, mean arterial pressure (MAP) = 20-25mmHg, for 

30 minutes. The survival results showed that seizures were more common in animals 

surviving <24 hours than in those surviving >24 hours (p<0.05). That is, seizures were 

associated with earlier death following shock. 

 In comparing carotid (n=39) and femoral (n=15) cannulation, rats were subjected to 

MAP of 20-30mmHg for 60 minutes. The 24 hour survival rate (Table 2) in femoral 

cannulated animals (15/15) was significantly higher than in carotid cannulated animals 

(16/39). The carotid cannulation group had a significant occurrence of seizures (18/39), 

while the femoral cannulation group had none (0/15). Again, seizure rate was 

significantly higher in the group of animals that died within 24 hours (Table 3, p<0.05).   

 Table 4 shows the comparison of carotid (n=4) and femoral (n=5) cannulation in 

animals subjected to MAP of 20-25mmHg for 50-90 minutes. All of the four rats in the 

carotid artery cannulation group had seizures and died within 24 hours. In contrast, all of 

the five rats belonging to the femoral artery cannulation group survived longer than 24 

hours without seizure activity, as shown in.  

DISCUSSION 

 These survival studies have shown an advantage to femoral artery cannulation in 

the rat model of hemorrhagic shock. Investigators have noticed that overweight and 

older rats have a markedly higher mortality rate following hemorrhagic shock . The 
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present results show rats cannulated through the carotid artery in a hemorrhagic shock 

model also have increased mortality compared with rats cannulated through the femoral 

artery. 

Cannulation technique is within the control of the investigator, and appears to 

represent a confounding factor in the rodent reservoir shock model. In studies by others, 

using carotid cannulation, MAP was maintained at 20-25mmHg during hemorrhagic 

shock in the rat model. There was a high mortality following a 30 minute shock period 

[1]. Previous studies from our laboratory showed that with femoral artery cannulation and 

shock at MAP=20-25mmHg for 30 minutes, survival was nearly 100% even in animals 

receiving no resuscitation (shocked, non-resuscitated, controls; unpublished data). 

Lethal rat hemorrhagic models from different investigators have shown that MAP was 

lower and the shock time was longer using femoral cannulation than with carotid 

cannulation [2-5]. In one study, no functional or histologic brain damage was noted in 

rats cannulated through the femoral artery and bled to a MAP of 40 mmHg for 60 

minutes, or a MAP of 30 mmHg for 45 minutes [5]. 

CONCLUSION 

Femoral artery cannulation was associated with considerably better survival than 

carotid artery cannulation in this model of severe hemorrhagic shock. The occurrence of 

seizures in animals undergoing carotid cannulation suggests cerebral damage from 

inadequate cerebral perfusion combined with reperfusion.  
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TABLE 1 

Cannulated Carotid Artery and Jugular Vein 

Survival Time >72 hours 24-48 hours <24 hours 

Weight (gram) 359±13 363±17 359±16 

Bleeding (ml) 11.7±0.7 12.1±0.5 12.9±0.4 

Seizure animals 1/7 2/7 10/13* 

Shock at 20-25mmHg & 30minutes. Data expressed as mean±SEM. 

*P<0.05 (survival <24 hours vs survival >24 hours).  
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TABLE 2 

 Comparison of Carotid and Femoral Cannulation 

Cannulated artery Carotid A Femoral A 

Survival at 24 hours 16/39 15/15* 

Weight (gram) 355±6 359±12 

Cannulation time (min) 7.2±0.2 9.6±0.6 

MAP (mmHg) 25-30 20-30 

Blood removed (ml) 13.6±0.2 14.3±0.6 

Seizures 18/39 0/15*

Shock at 25-30mmHg pressure, 60 minutes. Data expressed as mean±SEM. 

*p<0.05 (femoral cannulation vs carotid cannulation)
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TABLE 3 

Cannulated Carotid Artery and Jugular Vein 

Survival Time >24 hours <24 hours 

Weight (gram) 360±9 352±7 

Caunulated time (min) 7.3±0.2 7.1±0.4 

Bleeding (ml) 13.8±0.4 13.4±0.3 

Seizure animals 4/16 14/23* 

Shock at 25-30mmHg pressure, 60 minutes. Data expressed as mean±SEM. 

*P< 0.05 (survival < 24 hours vs survival >24 hours) 
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TABLE 4 

Comparison of Carotid and Femoral Cannulation 

Cannulated artery Carotid A Femoral A 

24 hours Survival 0/4 5/5* 

Weight (gram) 353±14 346±10 

Blood removed (ml) 12.8±1.5 13.6±1.4 

Seizures 4/4 0/5*

Shock at MAP=20-25 mmHg, 50-90 minutes. *p<0.05 (femoral cannulation vs 

carotid cannulation) 

Table 4 1
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